We explore the magnetic field dependent microwave losses of Al/Nb/Al heterostructure superconducting microstrip resonators. We control the proximity effect through the Al layer thickness; as the Al layer becomes thicker, the zero-field quality factor increases, and the thermodynamic critical field and the residual resistivity decrease. For applications in X-band electron spin resonance of g = 2 electron spin systems, 5 nm Al cladding on 50 nm Nb resonator is found to show a higher quality factor in the design field than either a 10 nm cladding or a device without Al cladding. In addition, we show that Al cladding reduces the loss arising from vortex motion by decreasing the viscous drag coefficient and enhancing the vortex pinning potential. Finally, we find that Al cladding also improves the high-power handling capability via the proximity effect.
I. INTRODUCTION
Superconducting microwave resonators [1] can be designed to have low dissipation and have found application in magnetic resonance [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In spite of this, the applied magnetic field introduces loss from quasiparticle generation and vortex motion [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . In our previous study [21] , we demonstrated a characterization method for magnetic field dependent microwave losses in superconducting Nb microstrip resonators. We found that, regarding quasiparticle generation, the loss is determined by the thermodynamic critical field and the ratio between the film thickness and the zero-field penetration depth. For a Nb microstrip resonator, the optimal film thickness should be similar to the zero-field penetration depth for X-band electron spin resonance (ESR) applications. This results from a trade-off between the zero-field quality factor and robustness against the field.
Here, we explore an alternative approach based on the proximity effect [22, 23] . We employed Al/Nb/Al heterostructure [24] [25] [26] [27] [28] [29] . Since a lower resistivity material (Al) covers the surfaces, where the microwave current density is high, this structure is expected to show less surface/film resistance than a single Nb layer grown in a similar condition. Moreover, the resonator is anticipated to perform well in modest magnetic fields.
Our focus is how magnetic field dependent microwave losses change as we tune the thickness of the Al layers. In Sec. III, we characterize the microwave losses of Al/Nb/Al resonators using the methods developed in our * kwon2866@gmail.com previous study [21] . The basis of this approach is that the magnetic field dependence of the real and imaginary parts of the complex resistivity ρ 1 +iρ 2 can be studied via the quality factor and resonance frequency as a function of field, respectively. Here, we compare three resonators with different Al thicknesses.
There is another crucial issue for magnetic resonance applications-the microwave power handling capability. A number of studies have reported that the power handling capability for many type-II superconducting resonators is limited in a way that the shape of S 21 curves becomes irregular and greatly suppressed even at modest microwave power [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . In Sec. IV, we show that the proximity effect eliminates such undesirable nonlinearity, resulting in improved high-power handling capability.
II. METHODS
The resonators are straight half-wavelength microstrip resonators [ Fig. 1(a) onator in a background magnetic field parallel to the microwave current H bg using a goniometer. H ⊥ is obtained by H ⊥ = H bg sin θ, where θ is the tilt angle. A magnetic field parallel to the microwave current without a perpendicular component is denoted by H . In this work, µ 0 H bg = 0.35 T. The incident power on the input capacitor of the resonator P in is high enough to suppress the loss due to two-level systems in the resonator dielectrics; at the same time, it was low enough to avoid quality factor suppression due to nonlinearity, except for the data in Sec. IV. The details of the measurement configurations are described in Ref. 21 . Two different types of cooling procedure were used: zero-field cooling (ZFC) and heat pulsing (HP). For the ZFC procedure, the resonator is cooled without any magnetic field. For the HP procedure, a heat pulse is applied to completely suppress superconductivity, then the resonator is cooled back in field to the target temperature. The HP procedure is used to ensure a uniform vortex distribution and suppress the Meissner current as much as possible such that vortex motion becomes the dominant loss mechanism [12, 21] .
III. LOSS PARAMETERS
A. Quasiparticle Generation Figure 2 and Table I show how the thickness of the Al layers affects Q 0,in and the H dependence of Q. As the thickness of the Al layers increases, Q 0,in becomes higher, but Q starts to drop at a lower field. Since higher Q 0,in indicates less surface/film resistance, this result is consistent with our expectation in Sec. I. From Fig. 2 , we found that 5 nm Al-cladding is a good choice for applications in X-band ESR of g = 2 electron spin systems, which require a magnetic field of about 0.35 T.
Note that, compared to coplanar resonators, the microstrip layout can generate strong and uniform microwave fields above the resonators. Therefore, we believe a microstrip geometry is more suitable for ESR of thin films, which is our research interest [21, 41] . As a trade-off, the less confined field profile inherently leads to more radiation loss and dielectric loss; thus, our resonators show lower Q 0,in values than corresponding coplanar resonators.
We characterize the H dependence of f −2 and Q in Fig. 2 quantitatively using the loss parameters associated with quasiparticle generation. We emphasize that those loss parameters, shown in Table I , were obtained purely by comparing the measured and expected resonator properties without incorporating any other types of measure- 21 . The internal quality factor below 20 mK without a magnetic field Q0,in is also shown. (The procedure for obtaining Q0,in is also explained in Ref. 21 .) λ 0 is the zero-field in-plane penetration depth; γ is the anisotropy parameter; κ is the in-plane GL parameter; Hc is the thermodynamic critical field; Q0 is the zero-field loaded quality factor; β is the exponent for the fraction of normal electrons in the context of the two-fluid picture (see Sec. S2 for the formal definition); ρn is the residual resistivity; η is the viscous drag coefficient per unit vortex length; kp is the restoring force constant of a pinning potential per unit vortex length; and H ⊥ vp is the vortex penetration field perpendicular to the film. Experimental conditions for each group of loss parameters are indicated in parentheses. The loss parameters associated with vortex motion were obtained with µ0H bg = 0.35 T. For Al-10, the loss parameters associated with vortex motion were not determined because of the absence of the perpendicular field data. The loss parameters of Al-0 are from Ref. 21 .
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Al-10 6 × 10 ments. To calculate the expected resonance frequency and the quality factor as a function of magnetic field, we need to model the complex resistivity [21] . In order to model the complex resistivity associated with quasiparticle generation, the anisotropic GinzburgLandau (GL) equations were used because the trilayer resonators are anisotropic systems. (See Sec. S1 for details on the implementation of the anisotropic GL equations.) In this case, the penetration depth must be defined based on the direction of the Meissner current as shown in Fig. 1(b,c) . The H ⊥ dependences of the resonator properties are determined by λ only, while the H dependences are determined by both λ and λ ⊥ . The GL coherence lengths along the in-plane ξ and out-ofplane ξ ⊥ also need to be distinguished. Consequently, we have two GL parameters, κ (≡ λ /ξ ) and κ ⊥ (≡ λ ⊥ /ξ ⊥ ). Here, γ provides the relation λ ⊥ = γλ .
Once the anisotropic GL equations were implemented, the expected f and Q as a function of H were calculated following the procedure described in Sec. S2. During the calculation, we treated the trilayer as a single anisotropic layer with the thickness of the whole trilayer. Therefore, the loss parameters of Al-5 and Al-10 are effective parameters.
In Table I , H c and ρ n decrease as the Al thickness increases. This result is consistent with our expectation based on the proximity effect. Note that λ 0 of Al-5 is longer than that of Al-0, although the proximity effect is expected to reduce λ 0 [26, 27] . This elongation of λ 0 is likely due to electron scattering at the interface [27] . As the Al layer becomes thicker, the contribution of the Al layer to λ 0 becomes dominant compared with the interface. As a result, λ 0 of Al-10 is significantly shorter than that of Note that given the data in Fig. 2 , κ and γ cannot be determined independently; any combination of κ and γ gives similar results if γκ is the same. The reason is that H vp is roughly proportional to ξ ξ ⊥ [42] , and ξ ξ ⊥ is proportional to γκ . To determine γ and κ separately, we need the perpendicular field data. This point is explained further at the end of Sec. III B. Figure 3 shows the H ⊥ dependence of f −2 and Q −1 . From the HP data, we extract the loss parameters associated with vortex motion-η and k p (Table I) following the procedure described in Sec. S3. Another important quantity is H ⊥ vp at which the edge barrier is completely suppressed. As shown in Ref. 21 , H ⊥ vp is the field at which an anomaly appears in f −2 (H ⊥ ) of the ZFC data. Table I shows that 5 nm Al cladding enhances H ⊥ vp and k p , and reduces η. Here, the changes in η and k p result in less loss arising from vortex motion because the real part of the complex resistivity associated with vortex motion is roughly proportional to η/k 2 p if f is significantly lower than the vortex depinning frequency ω p (≡ k p /η) and the temperature is low enough to ignore vortex creep [21, 43] .
B. Vortex Motion
Understanding those results is not straightforward. One reason is that H ⊥ vp is proportional to H c [42] , hence Al-5 is expected to show significantly lower H ⊥ vp . In addition, the pinning force is basically the difference in the self-energy of a vortex between two positions, and the self-energy is roughly proportional to H 2 c [42, 44] . Therefore, k p is expected to decrease after Al cladding, which also contradicts our observation. This discrepancy suggests that a simple picture based on the proximity effect is not enough to understand the H ⊥ dependence of the resonator properties, and we may have to consider the properties of each layer, rather than the effective properties of the whole layers.
Finally, as mentioned in Sec. III A, γ and κ can be obtained independently via comparing the perpendicular field data of Al-0, which is assumed to be isotropic [42] . Combining those two relations gives η ∝ 1/(ξ 2 ρ n ). Since we already have λ from the parallel field data, κ is determined by the above relation. Then γ and κ of Al-5 are about 2 and 6.
IV. NONLINEARITY
The effect of Al cladding on nonlinear behaviors of the resonators is most evident in the microwave power dependence, shown in Fig. 4 . As P in increases, the resonance peak of Al-0 becomes rapidly suppressed and irregular. In contrast, Al-5 and Al-10 show the Duffing-like nonlinearity. From a practical point of view, this Duffing-like nonlinearity is more useful as it can be easily modeled and controlled using nonlinear circuit models [38, 41, [45] [46] [47] . Thus, we can say that Al cladding improves the highpower handling capability.
In order to understand the mechanism of this dramatic improvement, we need to know the source of the nonlinearity of Al-0. For this, we obtained the S max 21
of Al-0 as a function of P in [ Fig. 5(a) ]. Note that the plot can be divided into three regions based on the shape of the S 21 curve. In the low-power region (region I), the S 21 curve is Lorentzian [curve A in Fig. 5(b) ]. As P in increases (region II), the curve becomes distorted (curve B), and S max 21 drops rapidly. Finally, the resonator enters region III with the onset of jumps (curve C). Those behaviors have been accounted for switching of weak links at grain boundaries to the normal state, followed by local Joule heating [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [48] [49] [50] [51] [52] [53] .
The qualitative change in the nonlinearity after Al cladding is likely due to the strengthening of the superconductivity at the Nb grain boundaries via the proximity effect. If weak links in the Nb layer are covered with another superconducting material with a longer GL coherence length, which is Al in this case, the proximity effect can strengthen the superconductivity at weak links such that those weak links become strong links. In this way, the nonlinearity due to switching of weak links can be suppressed.
Other possible roles of Al cladding, such as protection against oxidation [54, 55] and enhancing the thermal conductivity [56] , may reduce some of the weak links and Joule heating, but cannot fully account for such a qualitative change in the nonlinearity. Here, note that a normal metal layer can do the same things, except strengthen the superconductivity. In Refs. 36 and 37, an Au layer was deposited on a MgB 2 thin film, but the nonlinear behavior due to switching of weak links remained largely unchanged, which supports our conclusion.
One consequence of the above findings is that improving the film quality may not be the best way to eliminate this undesired nonlinearity. To support this, we measured the P in dependence of S 21 resonance curves using a resonator with the same geometry but made of a better quality Nb film (which appeared as Res. 2 in Ref. 21 ; detailed information on the film quality can be found in this reference).
1 The results were consistent with our expectation: the nonlinearity due to switching of weak links was still observed (see Fig. S1 ).
Even after weak links are eliminated, further Al cladding can still assist, as shown in Fig. 4(c) . In addition to our observation that Al-10 shows less surface/film resistance than that of Al-5 (Sec. III A), this result suggests that the main origin of the nonlinearity of the trilayer resonators is global heating due to the finite surface/film resistance [32, 35] .
This film was deposited at elevated temperature; however, it is not suitable for multilayer growth because of potential alloying. 2 The intrinsic Ginzburg-Landau nonlinearity [57] [58] [59] does not account for the observed nonlinearity of the trilayer resonators because this type of nonlinearity is known to be much more reactive than shown by the data in Fig. 4 [60] . In addition, vortex penetration into grains is also an unlikely explanation for two reasons. One reason is that Al-5 has a high edge barrier that prevents vortex formation (Sec. III B). The other reason is that, if vortices were created by the microwave current and penetrated into the grains, a hysteretic behavior would be observed due to vortex pinning, i.e., the S 21 curve would not go back to its orig- 
V. CONCLUSION
In conclusion, we have engineered magnetic field dependent microwave losses in superconducting microstrip resonators via the proximity effect in Al/Nb/Al heterostructures. We found that the proximity effect between the Al and Nb layers enhances Q 0,in , and reduces H c and ρ n . For X-band ESR measurements of g = 2 electron spin systems, which require about 0.35 T, 5 nm Al cladding on a 50 nm Nb resonator was found to show higher Q in the design field than either a bare Nb resonator or one clad with 10 nm of Al. Moreover, the resonator made of the heterostructure showed lower η and higher k p , resulting in less loss induced by vortex motion. Lastly, we found that Al cladding improves the high-power handling capability by changing the type of the nonlinearity, and the qualitatively different nonlinear behavior of the trilayer resonators is likely due to the strengthening of the superconductivity at the Nb grain boundaries via the proximity effect. inal position and shape once high P in was applied [36] , and such a behavior was not observed at zero field. 
Supplementary Material

S1 Anisotropic Ginzburg-Landau Equations
The anisotropic Ginzburg-Landau (GL) equations are given by (in SI units) [1]
where ψ = ψ(x, y, z, t) is the complex order parameter; α and β are phenomenological parameters; e s is the charge of the superconducting electron; ⃗ A is the magnetic vector potential; ϕ is the electric potential; and [1/m * ] is the anisotropic effective mass tensor defined by
In the anisotropic GL equations, this anisotropic effective mass is responsible for anisotropy in superconducting parameters. Here, we define the anisotropy parameter γ as
Then, we have the following relations:
We transform the GL equations into dimensionless quantities by measuring length in units of the in-plane penetration depth λ ∥ (≡ √ m * ∥ β/µ 0 e 2 s |α|); fields in units of √ 2H c , where H c (≡ √ α 2 /µ 0 β) is the thermodynamic critical field; and order parameter in units of ψ 0 (≡ √ |α|/β). After the transformation, we introduced a timedependent term from the time-dependent GL equations (Eqs. (S7) and (S8) of Ref. [2] ) to imitate cooling procedures. For simplicity, the time-dependent term is assumed isotropic. This can be justified by the argument that we are only interested in the steady-state solutions. Then Eqs. (S1) and (S2) are written as
where κ ∥ ≡ λ ∥ /ξ ∥ is the GL parameter; σ n is the inverse of the residual resistivity; and [1/Γ 2 ] is a tensor given by
To solve Eqs. (S3) and (S4), we used COMSOL Multiphysics 5.1. The general form of partial differential equations in COMSOL Multiphysics is
All geometries were assumed to be two-dimensional systems on the xy plane. The applied magnetic field ⃗ H a is assumed along the z direction. In this case, u = (u 1 , u 2 , u 3 , u 4 , u 5 )
T , where T is the transpose. The variables are given by u 1 (x, y, t) = Re(ψ(x, y, t)), u 2 (x, y, t) = Im(ψ(x, y, t)), u 3 (x, y, t) = A x (x, y, t), and u 4 (x, y, t) = A y (x, y, t), respectively. An auxiliary variable u 5 is always zero. In Eq. (S5), e a is a zero matrix. Others can be written as
The boundary conditions were implemented using "zero flux" −⃗ n · Γ = G, where G = [0, 0, 0, 0, 0] T . The details of this implementation is described in Refs. [2, 3] .
S2 Loss Parameters for Quasiparticle Generation
To extract loss parameters, we should calculate the expected resonance frequency f and the quality factor Q as a function of external magnetic field H. In the following, we introduce some formulas required for those calculations (see Sec. II of Ref. [2] for more information).
The magnetic field dependent parts of f and Q are given by
where f 0 is the resonance frequency at zero-field; L (0) is the effective inductance per unit length (at zero-field); Q 0 is the quality factor at zero-field; P diss is the dissipated power per unit length; and U em is the stored electromagnetic energy per unit length. Since L is defined by the relation U em = L|I| 2 /2, where I is the total microwave current, the quantities we need to calculate are U em and P diss .
Consider a microstrip line oriented along the z axis with its width along the x axis and thickness along the y axis. In this configuration, U em is defined by
where µ 0 is the vacuum permeability; ρ is the complex resistivity ρ 1 + iρ 2 ; H mw is the microwave magnetic field strength; J mw is the microwave current density; λ is the penetration depth; ω/2π is the frequency of an applied electromagnetic field; and "sc" stands for "inside superconducting media". Next, P diss is defined by P diss (H) = 1 2 ∫ sc ρ 1 (x, y, H)|J mw (x, y, λ(H))| 2 dxdy.
In Eqs. (S7) and (S8), J mw and H mw can be simulated by the Maxwell equations and the London equations (see Sec. S2 of Ref. [2] for details of the simulation). For the complex resistivity, we employ the two-fluid model. The complex conductivity based on the two-fluid model σ tf,1 − iσ tf,2 is given by [4] σ tf,1 = n n n tot σ n , σ tf,2 = n s e s 2 m s ω = 1 ωµ 0 λ 2 ,
where n s is the local number density of superconducting electrons; n n is the local number density of normal electrons; n tot is the total number density of conduction electrons; σ n is the inverse of the residual resistivity ρ n ; e s is the charge of a superconducting electron; and m s is the mass of a superconducting electron. The corresponding complex resistivity ρ tf is given by ρ tf,i = σ tf,i /(σ 2 tf,1 + σ 2 tf,2 ). Once we solve the anisotropic GL equations as described in Sec. S1, n s can be calculated using the relation n s (x, y, H) = |ψ(x, y, H)| 2 . As the GL theory does not give n n , we introduce an empirical expression for n n with an additional exponent β: n n (H)
The procedure for extracting the loss parameters used in this work is identical to that in Ref. [2] , except two parameters, λ 0 and κ in Ref. [2] , become λ Figure S1 : S 21 resonance curves at various P in for an Nb microstrip resonator made of a better quality film. Note that the data show well-known features of the nonlinearity due to switching of weak links: cratered Lorentzian shapes and bistability (denoted by arrows). The scale of S 21 is different from that of Fig. 4 in the main text because of the different coupling gap size: for this resonator, the coupling gap is 400 µm. Other dimensions, such as the film thickness and the strip width, are identical to Al-0. The data were taken at zero field and below 0.5 K.
